Assessing a student's conceptual understanding of a particular subject is challenging as a result of its abstract complexity and personal nature. A schema-based framework for describing the relationship between grouped knowledge sets can be used to visualize and represent aspects of conceptual understanding. This paper puts forth a set of criteria to indicate when a student's solution generation process fails as a result of inadequately defined schemata. A three-year longitudinal study involving semi-structured interviews of undergraduate engineering students was performed as a means of data collection. An analysis of the data based on the proposed criteria set was performed for the purpose of investigating changes in the student's conceptual understanding.
Introduction
Evaluating a student's understanding of the concepts presented in an undergraduate engineering curriculum is a significant challenge but "understanding conceptual knowledge is critical to the development of competence in engineering students and in practicing professionals"
1 . Researchers of conceptual change argue that the manner in which conceptual knowledge is categorized is indicative of a problem solver's ability and, additionally, that the very categorization of that knowledge effects the solver's ability to effectively represent a problem
2 .
An instructor's role includes facilitating student knowledge acquisition and also aiding that student in effectively organizing it. A student may not have the ability to effectively relate new material to prior engineering knowledge and, more broadly, to stated course goals. Drawing on our previous definition of conceptual understanding as "beliefs and framework used to acquire new knowledge or perform new applications of old knowledge in that topic" 3 , we seek to contribute here to an instructionally relevant model of conceptual change. Specifically, we explore the theoretical validity of an easily identifiable phenomena we call "stoppage".
Background
Hinsley, Hayes, and Simon 4 found that solvers could quickly categorize problems and assign a large amount of meaning after reading only a few lines of a question prompt. Expanding on that generality, it was found that people use specific identifiers to categorize a problem based on core features and do not have to completely analyze the problem before being able to categorize it. Furthermore, one can hone in on the most important features of the problem based on the type of problem alone. Relating information from other problems of that type leads the solver to an accurate problem formulation. This indicates that an individual's conceptual knowledge of how to solve a certain type of problem falls into schemata, or distinct sets of related knowledge based on underlying problem characteristics. Each feature of a problem is not analytically assessed piecewise, but rather the relationship between features is used to point to a simplifying model. The construct of schemata allows researchers to broadly identify the ways in which an individual defines relationships between and accesses information.
Page 26.703.3
The process by which knowledge is categorized into schemata was investigated by Chi, Feltovich, and Glaser.
2 Their paper identified and compared how conceptual categorizations differ between novices and experts. It was found that experts formed their categorizations by abstracting the problems they were presented and could characterize them by underlying principal, whereas novices tended to categorize based on the superficialities of the problems. Furthermore, the quality of the categorization was directly tied to the solver's conceptual understanding of the topic and impacted the ease with which the problem could be sorted. For example, Chi, Feltovich, and Glaser 2 showed that novices categorized a 'block on inclined plane' problem ( Figure 1 , below) using keywords: "blocks", "plane", "friction"; whereas experts would use terms such as: "Conservation of Energy" and "Work-Energy Theorem". The expert solver gains the advantage when sorting two conceptually disparate problems with surface similarities into the appropriate schema. Newcomer and Steif 5 have additionally shown that many students can apply a single principal while neglecting a complementary technique, as shown with students ignoring either force or moment summation where both are required to predict whether a rigid body exists in equilibrium. Over sixty percent of students in Newcomer and Steif's 2008 study 5 were unable to simultaneously apply both techniques in the final exam of an undergraduate level statics course. This demonstrates the ill effect of creating two heavily related but independently defined schemata that are separately accessed based on largely personal, superficial triggers. This finding hints at two important features of schema: First, that once formed, schema are very durable. Newcomer and Steif 5 discuss that students are introduced to the concept of moment equilibrium in pre-engineering physics courses but rarely have to concurrently apply the concept of force equilibrium. Subsequent statics courses require the student make use of those concepts simultaneously but only 32 percent of students in the study could do so. This indicates that the statics courses are unsuccessful in forming the relationship between force and moment equilibrium, or overriding previously established schema. Secondly, that it is hard to move between schemata. Students at the beginning of the course were able to weakly apply force and moment equilibrium to a single problem but by the end of the course, a student would strongly favor a single approach. This suggests that the borders of a schema act as a restrictive barrier between concepts.
Research on the function of schema-clustered knowledge by Gick 6 described the problem solving process and how it was related to both the problem solver's level of expertise and their ability to access schema. "As knowledge is categorized in a particular domain, problem solving becomes more schema driven." Compared to that of an expert solver, a novice's schema was found to be nonexistent or inadequate for successfully reaching a solution. The novice will tend Page 26.703.4
to employ a general search strategy, such as comparing the current state to the desired state. A feature of transitioning from novice to expert is the development and maturation of schema. As Gick 6 describes it, the expert becomes more efficient at categorizing on the basis of solution procedure. The solver's schema starts to contain a more elegant description of the fundamental problem principal. As a result, the solver gains more utility from the categorization. The process is self-reinforcing and the solution generating process becomes even more schema driven with each iteration.
The existing research referenced in this section largely describes a schema centered approach to describing student knowledge. This approach lends itself well as a method for overlaying easy to visualize spatial relationships on the complex and abstract concept of knowledge. If we allow that the way in which a student constructs schema is related to their framework for acquiring new knowledge, information contained in the construct of schema can be seen to capture some aspects of the definition of conceptual understanding put forth by Montfort, Brown, and Pollock 3 .
Methodology
This paper draws on three years of longitudinal data on engineering student's conceptual understanding of solid and fluid mechanics. The sixteen subjects of this study were selected from the engineering student body at Washington State University. The student selection criteria was based on demonstrating highly motivated individual academic performance and interest in involvement with the study, as assessed by their Mechanics of Materials professor. Each participant in the study was asked to engage in five sets of 90-minute interviews between 2011 and 2013, which covered their sophomore through senior years of undergraduate education. In each interview, the student was asked questions about a pair of solid and fluid mechanics problems, designed to highlight the conceptual understanding of the student. Upon reaching senior year, the interviewees were reintroduced to the same interview questions they first saw as a sophomore to allow for direct comparison. Figure 3 shows the timeline of the interviews and the relationship of repeated interview questions over that three-year period. The interview sessions were semi-structured and relied primarily on verbal interaction as method for gathering data. Galletta 7 explains the process of designing the interview protocol, collecting the data, and analyzing the results. A standard list of questions was prepared for individual Page 26.703.5
interview sets and the experienced interviewer was able to reflexively interact with the students to tease out the underlying meaning in the student's response. Bariball and While 8 have highlighted the advantages of conducting semi-structured interviews. Positive features of this interviewing structure include the ability to react to differences in the personal and educational histories of the interviewees, as well as the ability to clarify issues raised by the sample group on a person-by-person basis. Bariband and While 8 also emphasize the benefit of asking reactive, probing questions to decrease the influence of social pressures felt by the respondents in the interviews. Videotapes with audio and transcriptions of the sessions were created for ease of analysis. The two forms of media were cross-referenced to provide insight into the analytical information presented by the interviewee and to allow interpretation of nonverbal discourse.
The problems were designed to represent material similar to what they might encounter in their coursework. Each interviewee was introduced to a specific set of problems as a sophomore and that same set was reintroduced in the senior year to provide a basis for comparison. An example of one of the problems is shown below in Figure 4 : Figure 4 : Excerpt from problem set given to student participants After being introduced to the problem, the students were asked a standardized set of questions with the intention of pulling apart their conceptual understanding of various concepts introduced in an entry level fluid mechanics course. Examples of the topics of these questions might be:
• Where the highest pressures in this system might be expected • Where the velocity would be the greatest or least • How the energy of the fluid change in different parts of the system • What happens if another reservoir was added to the system The questions were designed to focus on how the student related concepts, rather than prompting a calculation based approach. Students were suggested to ask clarifying questions and employ any strategy they felt appropriate to solve the problem.
The previously detailed stoppage identification criteria were used to make note of the examples of stoppage in the transcribed interviews of the participating problem solvers over the three-year period. After compilation of the stoppage occurrences, a qualitative analysis was performed to identify trends or effects. Qualitative analysis research software was used to compare the location and patterns of stoppage that occurred amongst the participant's problem solving Page 26.703.6
processes. In this way, insights into the conceptual understanding of a group of students who underwent the same engineering curriculum were gained. The time frame of the study gave understanding of how a student's conceptual understanding changes over time.
Defining Stoppage
Gick 6 details a model of problem solving that describes the process by which an interviewee may attempt a solution, based on existing theories of problem solving [9] [10] [11] . The model highlights the difference in approach taken by novice and expert. We have modified an illustration of Gick's 6 model to display our proposed concept of "stoppage" (Figure 2, below) .
First, the student assesses the given information to construct a representation of the problem. The next step is largely based on the solver's level of expertise. An expert is able to employ a robust schema that contains the information necessary to directly relate the current state to the desired solution. The novice may lack a mature conceptual schema for the problem or may be misled by superficialities of the problem. As a result, a non-expert schema is activated, making a search strategy necessary. The process is concluded in both processes with an implementation of the solution and the possibility of repeating the process.
A key feature of this model is the representation of two possible pathways to generating a solution: one that is schema activated and one that involves a search strategy. If the implemented solution fails, the process may iteratively repeat along either pathway. It is in this context that the construct of a conceptual stoppage can be explored. We are defining stoppage as the inability to continue a line of thought or chosen solution method. In the simplest terms, a stoppage indicates the inability to generate a solution due to an interruption in the solution path. It is not intended to describe an incorrect solution to a problem, but rather to identify an inability to generate a potential solution. A stoppage can be visually represented in Figure 2 , above, as any break in the pathway occurring before the 'Implement Solution' block (depicted as a circular open circuit symbol).
As an example, let us suppose a student was asked to determine the area of a circle given its diameter. It would not be considered a stoppage if their approach involved recalling a selection Page 26.703.7
of equations commonly used with geometric manipulations of a circle, eg. A=pi*r^2, but they erringly used the value for diameter rather than radius to arrive at an incorrect solution. This would be a completion of a schema activated pathway and would indicate a completed solution path. It would also not be a stoppage if the student drew a circle, physically measured the area of a circle, and tried to represent that area by conflating non related knowledge in a trial and error process. This would be representative of a novice's complete solution pathway, albeit a less effective, non-schema driven approach.
This is a very simplified example and it would be possible to extract pertinent information about the solver's solution generating process with no more information than a sequential list of equations applied by the student. It would be much harder to characterize the student's solution path with a complex problem that may include multiple schema and recursive solving techniques. Interview techniques are more useful for more complex problems because they can be used to attend to nuance, ask specific clarifying questions, and explore participant's responses in the context of personal understanding 7 . Interviews can be more difficult to interpret as a result of the variable nature of interpersonal discourse. Simplifying structures must be used in order to build a simplifying model of the subject's conceptual understanding.
Identification Steps
Stoppage in a solution generating process is identified during student interviews by meeting the following criteria:
1. Solver must explicitly make statement of stoppage.
The first indicator of stoppage is the student's explicit statement that their process has stalled. The interviewer must make an attempt to gather clarifying information from the student during the interview to verify that the solver is truly unable to continue.
2. Stoppage must occur prior to solution search or solver must have rejected previously posed solution.
Stoppage occurs as a break in the solution path and should not be assigned to a generated solution that has not been assessed for validity.
3. Interviewer must examine the discourse to eliminate false positives. This step aims to remove stoppage indicative language that primarily serves as a figure of speech or personal idiom.
Following this simple identification procedure allows for the researcher to flag incidences of stoppage in the interview transcripts for later analysis. This approach is intended make patterns in student conceptual understanding more visible. Each of the three identification steps act as a barrier to identifying a component of the student interview as a stoppage, so one might expect instances of stoppage to be rare. It is possible that their potential rarity may give stoppages more importance in revealing the conceptual understanding of the student.
Results
Of the nearly 14 hours of students interviews conducted in Fall 2011 interview set, a total of three instances occurred which met the three step definition of stoppage. The stoppages occurred as the students were being questioned about the residential piping network shown previously in Figure 4 . These stoppages share similar features in that they involve no solution search at all. As the interviewer is asking the series of prepared interview questions about the network, the student reaches a question that triggers a stoppage.
The next time the subjects were exposed to this same problem set was in spring 2013 and the number of recorded stoppages had increased to eight. Surprisingly, the occurrence of all the stoppages clustered around two lines of questions. The first grouping of stoppages arises in regard to the previously referenced piping network. The second common area of stoppage involves developing a simplifying model for a simplified but real world static loading of a building.
Although the total number of stoppages that occurred over the three-year study was fairly low, nearly three-quarters of them were recorded as the students were nearing the end of the engineering program. The data collected related to stoppages simply comprises the location of the occurrence in the transcripts, and as such, needs to be examined contextually to extract meaning.
Discussion
The stoppages in the Fall 2011 interview display characteristics of a novice schema generation in that rely heavily on a locally iterative search strategy. The following representative excerpt begins with an example of the interviewer asking an impromptu follow-up to a previously posed question about increasing the pressure in a specified part of the system: At first, the small quantity of stoppages amongst the set of sophomores interviewed in fall 2011 seems as though it is extremely low. However, it is perhaps unsurprising that students who have yet to take a fluid statics course have no conceptual framework on which to base an academic analysis. Montfort, Brown, and Pollock 3 describe how a personal conceptual understanding is developed as an explanation for everyday occurrences long before that person is intimately familiar with the technical specifics of the situation. The stoppage in this case could indicate that the solution seeker had no personalized and internalized knowledge of water flow in a pipe. The Page 26.703.9
partial transcription showed that the stoppage occurred as a result of there not being a 'Constructed Representation' (as shown in Gick's 6 problem solving schematic) or a break in the solution path immediately before 'Search for a Solution'. It is clear that there was no indication that a schema was activated. By examining the video context of this portion of the interview, it was identified that the student perhaps had no relevant intuition, rather than an unwillingness to share with the interviewer.
The students were re-exposed to these questions in Spring 2013 and it does appear that their stoppages occur differently. The first grouping of stoppages arises in regards to the previously referenced piping network. The following excerpt begins with the interviewer asking the subject about the source of pressure in the system: There's not going to be any pressure right here because it's up in the system, but once you get through the pipes, then there will be pressure. Let's see. We were talking about . Everything has to equal, so if you increase your velocity on one side, then that would have a lower pressure, but they'll be [pause] I think it [pause] yeah, I honestly don't know. I don't know where the pressure comes from. I just think of it in terms of Bernoulli's equation.
Frank, Baker, and Herron
12 recognized that students often misuse or rely too heavily on algorithms and equations. Students are taught to find the quickest (often from a temporal standpoint) path to the solution, which has the effect of causing issues by auto-categorizing problems. The mention of pressure clued the student to activate a schema that was at least partly constructed to hold Bernoulli's Equation applications. This stoppage indicates that they rely on an incorrectly defined or incomplete schema when it comes to fluid mechanics problem. They were unable to recognize that their solution generation path was halted before a solution was implemented. As far as Person B knows, they have just forgotten how to apply Bernoulli's Equation. As discussed earlier, an expert may have avoided this pitfall. For a novice to avoid the stoppage, they would have to recognize the stoppage and where it fits into the adaptation of Gick's 6 problem solving strategy. There student may have known that there must be some answer to the self-posed question: "Why is there pressure?". If the solution seeker was able to recognize their own stoppage it might have forced a moment of self-reflective metacognition.
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That self-reflection could lead to the realization that there must be some well-defined schema that could have been used by an expert to reach the solution, thereby implying that their own schema is incomplete. Self-reflection in this way may open the possibility of schema revision by the student themselves.
The second common area of stoppage involves developing a simplifying model for a simplified but real world static loading of a building. The visual depiction of the problem statement given to the interviewees is shown below followed by a representative interview excerpt:
Figure 3: Static Wind Loading Problem Statement
Interviewer: Okay. All righty. So the last question for this one is, is there a simple way that you could model this? Person C: I want to say that there is, but I'm trying to think of how I would do it. I don't know. In structures we just never really did anything quite like this. It was always like a little house or a shed or something with a snow load on top of it or something and I don't know. The way that this one is is kind of different. I'm not sure. I don't think it would be very simple. I can't think of a simple way besides just how it is right now. I don't know. I don't feel like I have had enough practice with wind loads that come in from the front like that. I can't think of an example that I've done in the past that I could apply to this one. I'm kind of stumped.
The context around Person C's stoppage hints that they are accessing a schema that, to them, would seem to contain the correct solution path to the wind loaded building problem. Topically, is does seem to fit; the problem involves a structure with an applied external distributed load. However, Person C has encountered a stoppage. They were able to 'Construct a Representation' and activate a schema but the solution path was interrupted before 'Implement Solution'. By deeply abstracting the problem, an expert could have likened the situation more to a loaded cantilever beam as might be predicted by Chi, Feltovich, and Glaser 2 . Does this however mean that Person C's narrow schema of loaded buildings represents a lack of conceptual knowledge? If Page 26.703.11 the building had been labeled as a shelf bracket, perhaps this may have triggered Person C to activate the schema that was personally correct for them. In an instance like this, attending to stoppage might prompt an educator to design an assessment whose solution requires a similar schema solution pathway that is often mistakenly excluded from the correct schema by students in order to force a revision of the schema.
Conclusion
We found stoppages to be relatively rare in our data set, which was not an altogether unexpected result. However, the low occurrence rate coincides with the emergence of patterns in how they arose. More stoppages occurred amongst the students as second semester juniors than had taken place as first semester sophomores. A possible explanation is that more students 'know what they don't know', which is some indication that they are developing a knowledge of the surveyed engineering curriculum. Though rare, the stoppage occurrences shared some similar characteristics. Stoppages were more likely to occur for students who were trying to apply what they thought was the 'right' equation or who were asked to create a simplifying model of a problem. One possible deduction is that students don't realize their schema are inadequate, or perhaps that students simply don't reflect on their problem solving process as means of explaining why they cannot reach a solution.
Examining the occurrence of stoppage is as a way to illustrate aspects of how the students have organized their knowledge into schemata. Stoppage will occur when a student has formulated a problem in one schema and solution path requires crossing into another. The expert search strategies displayed in the Spring 2013 interviews indicate that schema were established but the higher frequencies of stoppages implied that they were inadequate. This indicates undesirable aspects of the student's conceptual understanding of the subject.
Conceptual stoppage is essentially a labeling tool that helps to identify, simplify, and project problematic, 'real world' engineering difficulties onto an academic model of problem solving.
The application of conceptual stoppage may provide educators and novices with an indicator of inadequate schema development and poor conceptual understanding. Such an indicator points to an inadequacy of the currently used problem solving approach, showing the solver where changes need to be made. In this way, a student may be more likely assess their own conceptual understanding of a topic, changing their assessment of an incorrect solution from: 'I don't know how to solve the problem' to 'there is an error in this step of my process'.
Implications for Future Research
Further study is warranted to broaden the impact of the research. We have indicated how to locate where an inadequate schema exists in a student's conceptual understanding but the more ambiguous question of why, or how to fix it still exists. A more controlled comparison can be performed by constructing a more detail rich assessment of a smaller portion of the interview material. For example, the interviews could be recreated to focus on a single problem with more modes of collecting data (eg: written problem reports, student constructed node-link diagrams to represent solutions, etc.). This testing method could also be applied more frequently than once Page 26.703.12
per academic semester. It would also be valuable to reassess those students who continued applying the tested engineering concepts in academia or their professional lives.
Practical application of this research approach could involve applying the stoppage criteria to identify the formation of inadequate schema as a concept is being taught. This may indicate the most effective location in a curricular sequence to introduce new techniques.
Further research into the existing data set could also lead to new insights. A strictly discursive analysis may reveal other common underlying interactions that could increase our understanding of change in conceptual understanding.
